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DISCHARGE SYSTEM TESTS OF HALON
1301 TEST GAS SIMULANTS

1.0 INTRODUCTION

All new and retrofit total flooding Halon 1301 fire
protection systems in shipboard machinery spaces require an
acceptance discharge test. It is desirable to use a simulant
instead of Halon 1301 in view of current and future
regulations restricting the use of Halon 1301 due to its
contribution to stratospheric ozone depletion [1,2,3].

Two candidate simulants, sulfur hexafluoride (SFg) and
chlorodifluoromethane (R~22), were identified by DiNenno et
2l 241 Theyv were ~haosen on the basis of similarity in
physical properties to Halon 1301. Selected physical
properties of both candidate simulants and Halon 1301 are
presented in Table 1 [5-921.

Both of these candidate simulants were evaluated on the
basis of leakage from an enclosure and initial mixing by
DiNenno et al [4,10). Sulfur hexafluoride was found to be an
excellent simulant for Halon 1301 on this basis. It leaked
from an enclosure at a similar rate, as the time required for
the SFg-air interphase to descend was within 10% of that
required for the Halon 130l-air interphase to descend in each

leakage configuration tested. R-22 on the other hand, leaked

Manuscript approved june 18. 1991
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at a slower rate, as it took aearly 50% longer for the R-22-
air interphase to descend. When the nozzle was obstructed to
create a poor mixing situation, the vertical concentration
profiles for both candidate simulants were similar to the
vertical concentration profile of Halon 1301.

The flow of Halon 1301 through the piping network of a
total flooding fire protection system is a very complex
phenomenon. Halon 1301 changes phase from a liquid to a
vapor in the network resulting in two-phase behavior. This
causes the simplifying assumptions of many classical flow
equations to be invalid as the physical properties of the
fluid will not be constant. The presence of dissolved
nitrogen in the flow causes an additional complication as
the compositions of both phases become variables in the
analysis of the flow. A further complication arises from the
transient nature of the flow and its short duration. This
causes time to be an additional parameter in any analysis.

A successful simulant for Halon 1301 must not only
replicate the overall flow rate through the network (i.e.,
discharge time), it must also replicate the flow splits in
the network (i.e., mass distribution between nozzles).

2.0 CLASSIFICATION OF NETWORKS

Pipe flow networks of total flooding fire protection
systems are classified by the degree of complexity
attributed to the network. The least complicated are

modular systems. They are characterized by a single nozzle




connected to one or more cylinders via a minimal length of
pipe. The pressure difference between the discharge cylinder
and the nozzle is slight so the piping network has only a
minor influence on the flow. Typical applications include
single chambers protected through a single cylinder and
nozzle or a larger chamber protected with multiple cylinders,
each directly connected to a single nozzle (common in
retrofit systems).

The next classification is a balanced banked system.
This allows a multicylinder and multinozzle system but the
flow rate from each nozzle must be equal (within 10%) and all
flow divisions must be equal (50-50). As a result of this,
the pressure at each nozzle will be equal and all branches
will be geometrically similar. Typical applications are a
central storage area protecting several equal volume
chambers or a single chamber with several evenly spaced
nozzles.

The classification with the highest degree of complexity
is the unbalanced banked system. These systems have either
unequal flows from each nozzle or unequal flow divisions
(i.e. 70-30) or both. Typical applications include a central
storage area protecting several chambers of differing volumes
or a single chamber with a high ceiling requiring several
horizontal tiers of nozzles.

Piping networks are further characterized by a number of

parameters that affect the cylinder decay curves (pressure




and temperature versus outage fraction) and the relationship
between those decay curves and the nozzle curves. These
include the initial charge pressure, the fill density,
percent of agent in piping, and the pressure drop in the
network.

There are two standard initial charge pressures,

4.1 MPag (600 psig) and 2.5 MPag (360 psig) [11). The higher
initial pressure affords a greater pressure loss in the
piping system and therefore smaller pipe diameters but
requires a thicker walled discharge cylinder. 4.1 MPag

(600 psig) initial charge pressure systems are used by the
Navy [12,13].

The fill density is the maés of agent per unit volume of
each discharge cylinder. This typically varies from
640 kg/m3 (40 1lb/ft3) to 1100 kg/m3 (70 1lb/ft3) [11]. A
lower fill density causes the pressure in the cylinder to
decay at a slower rate but it requires more cylinders to
handle the same amount of agent. The Navy uses a standard
1100 kg/m3 (70 1b/ft3) fill density [12,13].

Both the percent of agent in piping and the pressure
drop in the network are less tangible parameters as they can
not be determined in a straight forward manner and they vary
with time. The National Fire Protection Association (NFPA)
in their Standard 12A provides a method for estimating both
parameters at median discharge conditions (50% of initial

charge mass having left the network) [11]. This method has




been shown to underestimate the pressure drop for complex
systems [14].

The percent of agent in piping is the difference between
the mass that has left the cylinder and the mass that has
left the network reported as a percentage of the initial
charge mass. It typically varies from 10% to 50% with mod-
ular systems used by the Navy, restricted to the lower end.

The pressure drop in the network typically varies from
69 kPa (10 psi) in modular systems to 830 kPa (120 psi) for
more complex systems.

3.0 OBJECTIVE

Two series of tests were conducted to evaluate sulfur
hexafluoride (SFg) and chlorodifluoromethane (R-22) as
simulants for Halon 1301 on the basis of discharge system
flow. In the first series, this evaluation was done for
modular systems on the basis of similarity in discharge times
between each candidate simulant and Halon 1301, at various
fill densities.

Banked system flow was evaluated in the second series.
In this series, the evaluation is based on similarity in flow
divisions as well as discharge times.

4.0 MODULAR SYSTEM TESTS
4.1 Test Pacilities

These tests were conducted at the Chesapeake Bay

Detachment (CBD) of the Naval Research Laboratory, Chesapeake

Beach, Maryland. A test enclosure was constructed with




nominal inside dimensions of 3.7 m x 3.7 m x 3.7 m
(12 ft x 12 ft x 12 ft) providing a floodable volume of
approximately 48.9 m3 (1728 ft3). The test enclosure was
built using conventional 5.1 x 10.2 cm (2 x 4 in.) framing,
with 5.1 x 16.2 cm (2 x 6 in.) floor and ceiling joists. The
enclosure was located indoors to facilitate easier testing
and eliminate ambient weather effects. To ensure an airtight
environment, two layers of 1.3 cm (.5 in.) painted gypsum
wallboard were attached to all interior surfaces. All
wallboard joints were then taped and spackled prior to the
application of two coats of water based interior paint. The
enclosure was also fitted with a 203 x 91.4 cm (80 x 36 in.)
steel door assembly that utilized magnetic seals and two
45.7 x 81.3 X .6 cm (18 x 32 x .25 in.) plexiglass
observation windows.
4.2 Halon 1301 Total Flooding System

The enclosure was fitted with a roof-mounted modular
Halon 1301 total flooding system. A FENWAL Cylindrical Agent
Storage Container (P/N 31~192007-251) was utilized in this
system. It has an internal volume of .0125 m3 (.442 £t3) and
is rated for 9.2 kg (20 1b) to 13.8 kg (30 1b) of Halon 1301.
A manual activation valve was used to initiate the discharge.
A discharge pipe from this system penetrated the ceiling at
its center and terminated at the nozzle, which was
approximately 20.3 cm (8 in.) below the finished ceiling.

The discharge pipe had a nominal pipe size of 3.8 cm




(1.5 in.) and provided approximately 1.5 m (5 ft) of flow
length. The nozzle was a Bete (P/N TF48FC) Spiral Nozzle.
This same system was used for the simulants, SFg and R-22.
4.3 Procedure

In these tests, the Halon 1301 fill density was varied
with the two candidate simulants being tested at fill
densities that would result in the same percent by volume
concentration as the Halon 1301 tests.
4.3.1 Test Sequence

A. Discharge cylinder was filled with desired agent

and super pressurized with nitrogen to 2.41 MPag

(350 psiqg).
B. Data logging was initiated and discharge started.
C. Test ended when concentration profile had remained

stable for five minutes.
D. Enclosure was purged.
4.4 Instrumentation
The location of the instrumentation is shown in Figure
1.

4.4.1 Temperature

Temperature of the fluid was monitored in the discharge
cylinder and just before the nozzle. Two Inconel sheathed
thermocouples were used to accomplish this.

4.4.2 Pressure

The pressure was monitored at the same locations as the

temperature. Two 0 to 6.9 MPag (0 to 1000 psig) range
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Genisco Technology Corporation Model SP500 vented gage
pressure transducers were used to accomplish this.
4.5 Results

In the experiments performed, two different Halon 1301
fill densities were used; 800 kg/m3 (50 1lb/ft3) and 1100
kg/m3 (70 1b/ft3). The peak nozzle pressures and discharge
times are given in Tables 2 and 3 for the lower and higher
fill densities respectively. The discharge time is defined
by the National Fire Protection Association in their standard
12A as the time between the cylinder actuation and when the
flow from the nozzle becomes predominately vapor [11]. Two
methods were used to determine when this point is reached.
In the first method, the inflection in the nozzle pressure
curve when the flow changes from predominately liquid to
predominately vapor is utilized. In the second method, the
drop in the nozzle flow temperature at this point is
utilized. 1In addition, the discharge time was determined by
the time required for the nozzle pressure to return to the
ambient pressure signifying the end of the flow. A nozzle
pressure of 345 kPag (50 psig), which is 5% of the full scale
reading of the pressure transducers used, was taken as
ambient in order to stay well above the noise level of the
transducers.

Figures 2 and 3 show the nozzle pressure, and nozzle
temperature, for the lower fill density. The nozzle pressure
and temperature for the higher fill density are shown in

Figures 4 and 5.

10
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As can be seen from these results, sulfur hexafluoride
(SFg) discharges at a similar rate to that of Halon 1301.

The maximum difference in discharge time between SFg and
Halon 1301 is 0.4 seconds which is a relative difference of
approximately 8%. On the other hand chlorodifluoromethane
(R-22) discharges at a faster rate than Halon 1301. R-22
takes as much as 3 seconds less time to discharge than Halon
1301 which is a relative difference of approximately 40%.
5.0 BANKED SYSTEM TESTS

5.1 Test Facilities

These tests were also conducted at the Chesapeake Bay
Detachment (CBD), of the Naval Research Laboratory, using the
same test enclosure that was used in the modular system
tests.

Two additional enclosures were constructed for these
tests with nominal inside dimensions of 2.4 m Xx 2.4 m Xx 2.4 m
(8 ft x 8 ft x 8 ft), each providing a floodable volume of
approximately 14.5 m3 (512 ft3). They are similar in
construction to the larger enclosure except that only one
layer of gypsum wallboard was attached and hollow prehung
wood doors were used. These enclosures were not fitted with
observation windows.

5.2 Halon 1301 Total Floocding Cystems

Six different systems were tested. All used a 4.1 mPag

(600 psig) Navy standard discharge cylinder rated for 56.7 kg

(125 1b) of Halon 1301 [Ansul Part No. 52705N]. This
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cylinder has an internal volume of .0506 m3 (1.7880 ft3), an
empty »r tare weight of 70.2 kg (155 1lb), and was
pneumatically actuated using compressed nitrogen. The
cylinder was connected to the piping network through an

3.81 cm (1.5 in.) NPS flex hose 0.91 m (3 ft) in length and a
3.81 cm (1.5 in.) NPS two part thread adaptor [4.76 cm

(1.875 in.) 12-UN-2B to 3.81 cm (1.5 in.) NPT]. All networks
were constructed with NPT threaded Schedule 80 steel pipe and
fittings. The nozzles used were Navy Standard 360° four hole
nozzles,

The six systems tested utilized four different pipe
geometries and three different nozzle sizes. The first
system was a two nozzle balanced network and is shown in
Figure 6. One nozzle was inserted approximately 0.76 m
(2.5 ft) into the large enclosure at a height of
approximately 0.9 m (3 ft), while the other nozzle (nozzle 2)
was unenclosed. Both nozzles had orifice areas of 3.24 cm?
(0.503 inz). The second system, which is shown in Figure 7,
was the same as the first system except that the enclosed
nozzle was switched to one with an orifice area of 1.27 cm?
(0.196 in.2). The third systew was a four nozzle balanced
network and is shown in Figure 8. Three of the nozzles were
inserted approximately 0.76 m (2.5 ft) at a height of
approximately 0.9 m (3 ft); one in each enclosure. All had

an orifice area of 1.70 cm? (0.264 in.?). The fourth network

is shown in Figure 9 and was similar to a Navy Type II banked
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system. It was the same as the third system except that
nozzle 1 and nozzle 2 were raised approximately 1.8 m (6 ft)
and are fed from a through tee. The fifth network was a four
nozzle unbalanced network representing a Navy Type III
system. It is shown in Figure 10. It was similar to the
fourth network with nozzle 2 moved. The last system, shown
in Figure 11, was the same as the fifth system except that
nozzles 1 and 4 were changed to 3.24 cm? (0.503 in.2)
nozzles.

All systems used parameters (based on Halon 1301 flow)
that are typical of Navy systems. Standard fill densities of
1100 kg/m3 (70 1b/ft3) were used. The percent of agent in
piping was approximately 40% and the pressure drop in the
networks was estimated at 760 kPa (110 psi). Actual
parameters of the six systems are given in Table 4.

5.3 Procedure

Three tests are run for each system, one for each
candidate simulant and Halon 1301. The same targeted percent
by volume concentration was used in all tests.

5.3.1 Test Sequence

A. Cylinder was filled with desired agent and super

pressurized to 4.1 MPag (600 psig) with nitrogen.

B. Data logging was initiated.
c. Discharge was actuated.
D. Test was ended after the concentration profiles

have remained stable for five minutes.

E. Enclosures were purged.
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5.4 Instrumentation

The location of the instrumentation is shown in Figures
6 through 11.
5.4.1 Halon 1301 Analyzers

Halon 1301 concentrations, as well as simulant
concentrations, were monitored by three TUURE Halon
Analyzers. Each of these provide three sampling points for a
total of nine. All analyzers were located outside of the
space and connected to the desired sampling points via .16 cm
(.25 in.) Tygon tubing. While testing a two nozzle system,

all nine points were located inside the large enclosure as

follows:
. Seven were located on a vertical tier with .6 m
(2 ft) intervals except near the ceiling where the
first two intervals were .3 m (1 ft).
. One located in the center of the room .6 m (2 ft)

from the ceiling.
. One located on the ceiling across the room from the
vertical tier.
When testing a four nozzle system, the nine sampling
points were split among the three enclosures, three to each.

They were located on a vertical tier in each enclosure as

follows:
. One on the ceiling [moved .3 m (1 ft) down in small
enclosures before system 5 was tested].
. One midway down the tier.
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. One .6 m (2 ft) above the floor.
5.4.2 Temperature

The temperature of the flowing fluid was monitored at
four locations for a two nozzle system and at eight locations
for a four nozzle system. Inconel sheathed thermocouples
were used to accomplish this. For all systems the
thermocouples were distributed as follows:
. One located just after the thread adaptor on the
flex hose.
. One before each tee
. One before each nozzle.
In addition, three Inconel sheathed thermocouples were
used to monitor the pipe wall temperatures.
5.4.3 Pressure

The pressure was monitored at four locations for a two
nozzle system and at eight locations for a four nozzle
system. Six 0 to 6.9 MPag (0 to 1000 psig) range, Geniscc
Technology Corporation Model SP500 pressure transducers and
two 0 to 5.2 MPag (0 to 750 psig) range, Viatran Corporation
pressure transducers were used to accomplish this. For all
systems they were distributed as follows:

. One located after the thread adaptor for the flex
hose with the exception of the two nozzle systems
where it was moved to the discharge cylinder.

. One before each tee.

. One before each nozzle.
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5.4.4 Cylinder Weight

The discharge cylinder weight was monitored using an
Allegheny Technology Load Cell Model 301LC with a range of 0
to 4,450 N (0 to 1000 1lb).
5.4.5 Video Recording

The discharges of nozzle 1 were recorded for System 6.
5.5 Results

The mass distribution between nozzles was determined
from the concentration in the enclosures as follows:

m = pV [C/(100-C)]
where m is the mass discharged from the nozzle, p is the
vapor density of Halon 1301 or candidate simulant, V is the
volume of the enclosure and C is the concentration in the
enclosure in percent by volume [11]. The mass discharged
from the unenclosed nozzle (nozzle 2) is found by difference.

The generated peak pressures and discharge times for
each system are shown in Tables S5 through 10. Also, a series
of figures for each system is presented. The first figure in
the series shows the mass distribution between the nozzles as
a percent of the mass discharged. The second shows the flow
split at each tee in the system. The third shows the percent
weight loss from the cylinder (percent outage). The next six
figures show the generated pressures and temperature traces
for Halon 1301 and the two candidate simulants. This series
for System 1 is Figure 12 through 20. System 2 results are

shown in Figures 21 through 29. System 3 results are shown
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in Figures 30 through 38. System 4 results are shown in
Figures 39 through 47. System 5 results are shown in Figures
48 through 56. The results for System 6 are shown in Figures
57 through 65.

In addition, the Halon 1301 pressures are compared to
those predicted by the method of NFPA Standard 12A in
Appendix A.

As can be seen from these results, both candidate
simulants distributed between the nozzles in a similar manner
to Halon 1301. The maximum deviation in percent of mass
discharged for either SFg or R-22 is less than 5%. The flow
divisions for both candidate simulants are also similar to
those of Halon 1301 with the maximum deviation being less
than 6%.

SFg discharged at a similar rate to Halon 1301. The
maximum difference in discharge time between SFg and Halon
1301 by any of the three methods used was 1.4 seconds which
is a relative difference of approximately 11%.

R-22, on the other hand, discharged at a faster rate
than Halon 1301. The discharge time for R-22 was as much as
4 seconds shorter than that for Halon 1301, which is a
relative difference of 35%.

The relationships between the discharge times of the
two candidate simulants and those of Halon 1301 are the
consequence of their physical properties. The lower liquid

densities of both simulants cause them to flow at a higher
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volumetric flow rate when they experience the same pressure
change. The higher vapor pressure of SFg represents an
increased pressure opposing the flow and reducing the flow
rate (this pressure also depends on the temperature and
composition of the flow). On the other hand, R-22 has a
lower vapor pressure thus augmenting the flow rate. These
effects can be seen from the pressure coefficient, Cp, which
is used to characterize a high Reynolds flow [15]

Cp = P/(0.5pV2)
where P is the pressure drop in the system, p is the fluid
density, and V is the velocity. (Note that the Reynolds
number is not used to characterize these flows, as the
viscous forces are insignificant with respect to the
magnitude of the inertial and pressure forces acting on the
flow)}.

In addition to these effects, the vapor density of R-22
is much lower than that of Halon 1301 which means that a
lower mass of &-<2 is required to achieve the same percent by
volume concentration in an enclosure. Therefore, a lower
initial mass of R-22 was used, further reducing its discharge
times. The vapor density of SFg is within 3% of that of

Halon 1301, therefore nearly the same mass of SFg was used.
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6.0 CCNCLUSION

Together with previous work on leakage from an enclosure
and initial mixing [4,10])], these tests have shown that sulfur
hexafluoride is an excellent simulant for Halon 1301 in total
flooding system discharge tests. SFg has been shown to
discharge at a similar rate, to distribute through a piping
network in a similar manner, to leak from an enclosure
similarly, and to mix with air in a similar manner to Halon
1301.
7.0 RECOMMENDATIONS FOR FURTHER WORK

Further study is needed in order to broaden the scope of
these conclusions. These investigations include additional
pipe networks, leakage flows, initial mixing and increased
scale.
7.1 Additional Pipe Networks

An investigation into the effects of a broader range of
discharge network parameters on the simulation of Halon 1301
flows is needed. These parameters include the percent of
agent in the pipe network, cylinder fill densities, pressure
drop in the pipe network, and intial cylinder charge
pressure.
7.2 Leakage Flows and Initial Mixing

A broader approach to these two phenomena are needed.
The effects of various ventilation schemes, =»nd more

representative enclosure geometries need to be investigated.
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7.3 Increased Scale

Full scale, shipboard testing is needed to confirm the

results obtained.
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APPENDIX A
Comparison with NFPA 12A

The National Fire Protection Association (NFPA) provides
a method to estimate the pressure drop in the piping network
of a Halon 1301 total flooding system in their standard 12A
[A-1]). This method utilizes mid-discharge conditions (50% of
initial mass discharged) and average flow rates. The mid-
discharge point is determined in an iterative manner from a
cylinder recession curve with the 50% outage point adjusted
by the amount of agent in the piping network.

This method estimates the pressure drop in a section of

pipe by the following equation:

Y5 = ¥Y; + 102/(1.013D%-25%) + 7.97 (2, - 2;) Q2/D4

where L is the equivalent length of the section in feet
(actual length adjusted to account for fittings), Q is the
average mass flow rate in lbm/sec and D is the inside
diameter of the pipe in inches [A-1]. Y and Z are functions
of the pipe line static pressure and are presented in tabular
form in NFPA Standard 12A [A-1]. As Y and Z also depend on
what occurs both before and after the mid-discharge point, a
separate Y and 2 Table is given for each initial charge
pressure and a range of fill densities. The subscripts ; and

5> refer to beginning and ending conditions respectively.




The first step in using this method is to estimate the
percent agent in piping. This is accomplished by the

following equation:

pnp = K3/[(W/Vp) + K3]

where pnp is the estimated percent agent in piping, W is the
initial charge weight and Vp is total irternal pipe volume
[A-1]. Kj; and K, are constants depending on the initial
charge pressure and fill density. The mid-discharge storage
pressure is then determined from the appropriate pressure
recession curve with the percent cylinder outage being equal
to the sum of 50% and the percent agent in pipe. The piping
network is then divided into sections and the ecriivalent
length and flow rate for each section determined. Y; and Z,
for the first section are then determined by interpolation
with the mid-discharge storage pressure, in the apprcpriate
table. Y, is then determined, initially ignoring the
contribution of Z, and correcting the Y, for it after the
ending pressure has been estimated. Y, and Z, become Y; and
2, for the next section and the process repeats until the
final section is completed. At this point the percent agent

in piping estimate must be refined by the following equation,

pnp = 100 Z(Vp pp)/W




where V,, is the internal volume of Section n, and p, is the
average density in section n determined graphically from 12A
(A~1]. The whole procedure is then iterated until there is
no change in the percent agent in pipe.

The nozzles are then sized from a characteristic curve
provided by a nozzle manufacturer. In this particular case;
the nozzles were sized by the Navy's specified characteristic
curve [A-2].

This method was used to predict the pressure at various
locations in the piping network used in the banked system
tests. The flow splits and discharge times were adjusted
until the nozzle sizes calculated agreed with the actual
nozzles used.

In Tables 11 through 16, the predicted pressures are
shown together with the measured peak pressures, and those
measured at three cylinder outage percents. As the percent
agent in pipe is approximately 40% in each system, the 90%
outage measurement corresponds to the specified mid-discharge
point.

As can be seen from this, the predicted pressures at the
nozzles are higher than even the measured peak pressures.

The discharge times calculated are consequently shorter than
those measured.

A more rigorous approach needs to be taken to accurately

predict the pressure drops in these systems. The NFPA
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standard 12A method should be relegated to first cut

estimations only.
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